Tel: +41 79 536 7546 12 13 14 2 The unprecedented challenge to feed the rapidly growing human population can only be 15 achieved with major changes in how we combine technology with agronomy 1 . Despite their 16 potential few beneficial microbes have truly been demonstrated to significantly increase 17 productivity of globally important crops in real farming conditions 2,3 . The way microbes are 18 employed has largely ignored the successes of crop breeding where naturally occurring 19 intraspecific variation of plants has been used to increase yields. Doing this with microbes 20 requires establishing a link between variation in the microbes and quantitative traits of crop 21 growth along with a clear demonstration that intraspecific microbial variation can potentially 22 lead to large differences in crop productivity in real farming conditions. Arbuscular mycorrhizal 23 fungi (AMF), form symbioses with globally important crops and show great potential to improve 24 crop yields 2 . Here we demonstrate the first link between patterns of genome-wide intraspecific 25 AMF variation and productivity of the globally important food crop cassava. Cassava, one of the 26 most important food security crops, feeds approximately 800 million people daily 4 . In 27 subsequent field trials, inoculation with genetically different isolates of the AMF Rhizophagus 28 irregularis altered cassava root productivity by up to 1.46-fold in conventional cultivation in 29 Colombia. In independent field trials in Colombia, Kenya and Tanzania, clonal sibling progeny 30 of homokaryon and dikaryon parental AMF enormously altered cassava root productivity by up 31 to 3 kg per plant and up to a 3.69-fold productivity difference. Siblings were clonal and, thus, 32 qualitatively genetically identical. Heterokaryon siblings can vary quantitatively but monokaryon 33 siblings are identical. Very large among-AMF sibling effects were observed at each location 34 although which sibling AMF was most effective depended strongly on location and cassava 35 variety. We demonstrate the enormous potential of genetic, and possibly epigenetic variation, in 36 AMF to greatly alter productivity of a globally important crop that should not be ignored. A 37 microbial improvement program to accelerate crop yield increases over that possible by plant 38 breeding or GMO technology alone is feasible. However, such a paradigm shift can only be 39 realised if researchers address how plant genetics and local environments affect mycorrhizal 40 responsiveness of crops to predict which fungal variant will be effective in a given location.
microbes can potentially improve plant growth, but in sharp contrast to plant breeding, there has been 45 little attempt to improve them. Innovative approaches to microbial management of symbiotic 46 microorganisms could bring great benefits 5,6 . For decades, AMF have been known to increase plant growth 7 , although they are not consistently used in agriculture or the focus of an improvement program 48 (Supplementary information note 1).
49
We investigated whether naturally occurring variation of a commonly occurring AMF species of 50 agricultural soils (Rhizophagus irregularis) can significantly alter the productivity of the globally important 51 food security crop cassava. Cassava feeds almost 800 million people in 105 countries and responds 52 positively to AMF inoculation in farming conditions 4, 8 .
53
Establishing a link between discernible patterns of genetic variation within a beneficial microbial species 54 and plant growth has never been attempted, but if the link exists then patterns of microbial genetic 55 variation can be used as a predictor for selection of beneficial strains. In AMF, mapping quantitative trait 56 loci and genome-wide association studies are not currently realistic because of lack of recombinant 57 lines, inadequate plant phenotypic datasets, and a limited panel of isolates. Another way to identify the 58 existence of such a link is to demonstrate whether quantitative traits of a crop species are influenced by 59 the genetic relationships among individuals of an AMF species, as discerned by phylogenetic 60 relationships 9 . First, quantitative fungal growth traits were measured in a set of R. irregularis isolates, 61 spanning the phylogeny of this species and using data on thousands of single nucleotide polymorphisms 62 (SNPs) distributed widely across their genomes 10, 11 . Second, we inoculated one cassava cultivar (NGA 63 16) with a set of 11 R. irregularis isolates also spanning the R. irregularis phylogeny. Indeed, the fungal 64 isolates differed significantly in their quantitative growth traits (Supplementary information table S1) and S5). Inoculation benefit, a measure of the response to inoculation compared to non-inoculated plants, 103 also differed significantly among the plants inoculated with progeny of C2 (Supplementary figure 3;   104   Supplementary information table S5 ). Cassava inoculated with parental isolate C3 and its progeny 105 showed a remarkable 2.94-fold difference in root weight, as well as differences in inoculation benefit in 106 CM4574 (Figure 3e table S4 ). However, analysis of colonization in the 1 st trial revealed that 110 colonization was significantly affected by inoculation treatments in cultivar CM4574 (data not shown).
111
More recently, parental isolates, C2 and C3, were shown to be homokaryon and heterokaryon
112
(containing a population of two genetically distinct nuclei), respectively [14] [15] [16] . In vitro-produced 113 homokaryon siblings cannot be genetically different from each other. Siblings of C3 are qualitatively 114 genetically identical, containing the same alleles (Supplementary information note 5), but can display 115 significant quantitative genetic differences in allele frequencies 15 . Variation in cassava growth might be 116 explained by epigenetic differences among homokaryon siblings and a combination of quantitative 117 genetic, plus epigenetic, differences among heterokaryon progeny. In order to quantify the amplitude of 118 the effects of fungal variation among homokaryon progeny and among heterokaryon progeny on 119 cassava productivity in the field, we conducted a fifth experiment in Kenya (one location) and Tanzania 120 (two locations). A local cassava variety and an improved variety (for tolerance to resistance) were 121 inoculated with five parental R. irregularis isolates and their single spore progeny in a randomised 122 complete block design (Supplementary information and its clonal progeny. Exceptionally large differences in cassava root productivity, due to inoculation with clonally produced siblings, were observed, with up to a 3 kg plant -1 difference in mean root fresh growth than the original parent. Within sites and cassava varieties, the amount of variation in cassava 
139
Significant differences in fungal colonization were also observed among plants inoculated with sibling 140 fungi (Supplementary information tables S10-S11) but such effects were clearly not correlated with 
148
This study represents several milestones. The study represents the first established link between 149 specific patterns of genome-wide variation in a beneficial microbial species and a globally important 150 crop species. The possibility of identifying variation responsible for increased cassava productivity, thus, 151 opens the door to the first genetic selection program of a beneficial microorganism. A second, and more 152 surprising milestone, is that variation among clonal offspring of an AMF parent led to additional, 153 exceptionally large significant differences in cassava growth in real-life farming conditions in multiple 154 locations. To put the result in context, a difference of 3kg plant -1 root weight would give a projected yield 155 difference of 30 tons ha -1 and yet he average global yield of cassava is only 12.8 tons ha -1 . Furthermore, 156 the way we cultivated single-spore clonal progeny of AMF sometimes led to a more growth-promoting 7 practice of using beneficial microbes to positively influence crop growth is insufficient to address the fact 163 that use of one inoculum in one location or variety may have a positive effect, while the same "beneficial" 164 microbe may have detrimental effects in another soil or plant variety. These data attest to the very strong 165 potential gains of using AMF variation to improve cassava productivity. Understanding and predictably 
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there were 5 replicate petri plates of each isolate. We measured spore production of the isolates after 6 188 months of growth. To do this, we took photographs of 6 areas of 2cm 2 in the fungal compartment of 189 each plate using a Leica stereoscope (MZ125). An automated measurement of spore number in a given 190 area was then made on each image with the open source software ImageJ (https://imagej.nih.gov/ij/).
191
In addition, we measured whether the spores were more clustered together or if they were distributed 192 more regularly, using the R package Spatstat 20 . To do this, we measured the spatial arrangement of the 193 spores produced each fungus by measuring the nearest distance to the spores from random points 194 chosen within each image. We also measured the hyphae produced by counting the number of hyphae 195 that crossed two transects of 1.44 cm length. We took 5 independent photos in each dish to make this 
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Genetic relatedness among R. irregularis isolates: We used published ddRAD-seq data of the R.
211
irregularis isolates to estimate the genetic relatedness among isolates based on single nucleotide 212 polymorphisms 10,11 . We called SNPs following the method described in Wyss et al. 2016 10 . We then 213 produced a matrix of presence and absence of SNPs and calculated a genetic distance matrix using the 214 maximum distance between each comparison (supremum norm). Then we performed a hierarchical 215 clustering analysis to infer the genetic relationship among the R. irregularis isolates.
216
Statistical analysis: The fungal variables spore production and extra-radical mycelial density were 217 analyzed with a generalized mixed model using the Poisson family as a link function and the block effect 218 was defined as random. The spore clustering, was analyzed using a non-parametric Kruskal-Wallis test.
219
Fungal colonization was analyzed with a generalized mixed model using the binomial family as link 220 function, we defined the block effect as random. We used a mixed linear model to analyze the plant 221 variables: plant height, shoot dry-weight, root dry-weight and total dry-weight. The block effect was 222 defined as a random factor in the model.
223
Phylogenetic signal: We used the R package 'phylosignal' in order to test whether there was a 224 significant phylogenetic signal in fungal and plant quantitative traits and genome-wide genetic variation 225 in the fungi 9 . We calculated two different phylogenetic signal metrics; Abouheif's C mean and Moran's 226 I 22,23 . These two methods are not based on an evolutionary model and use an autocorrelation 227 approach 24 .
228

Experiment 3: A test of whether genetically different R. irregularis isolates differentially affect cassava growth under conventional farming conditions in Colombia
By conventional farming conditions, we mean that the cassava crop was cultivated exactly as farmers farmer did not have to modify the crop management in any way to allow inoculation. This is the case for 234 experiments 3, 4 and 5 described below.
235
The experiment was conducted in Tauramena municipality, Casanare, Colombia (72°34'23"W, 
247
(Lanskroun, Czech Republic) and mixed with a carrier (calcified diatomite). Stems of cassava were 248 inoculated with 1g of the carrier, containing 1000 R. irregularis spores, which was placed around the 249 stem of the cassava at planting. Plants were fertilized in total with 100 Kg ha -1 urea, 100 Kg ha -1 di-250 ammonium phosphates (DAP), 106 Kg ha -1 potassium chloride (KCl). Fifty percent of this was applied 251 at 43 days after planting date and the other 50% at 61 days after planting date. There was no artificial 252 irrigation and conventional crop management for the region was applied depending on pests, diseases 253 and weed incidence. The bulbous roots were harvested 321 days after planting after planting and the 254 root weight fresh weight per plant was measured. Values of the nine plants per treatment per plot were 255 pooled and the mean value per plot was used for further statistical analysis. We tested for a significant 256 difference in cassava root fresh weight among treatments by performing an analysis of variance using
The improved cultivars were recommended by IITA as they have been bred for resistance to diseases.
315
In Ukwala-Kawayo, we inoculated cassava with 14 different treatments with R. irregularis. These were:
316
Parental isolate C2 and 5 single spore progeny. We also used isolate C5 which has been shown to be 317 a clone of C2; Parental isolate C3 and 6 single spore progeny. In Kayenze and Kijuka, all plants were 318 inoculated with parental R. irregularis isolates A1, C2, B12, A5, C3. The isolate C5 (a clone of C2) was 319 also used. In addition, we inoculated cassava with up to 8 single-spore progeny of each of the parental 320 isolates. All parental isolates and single spore progeny of each parental line that were used at each 321 location and in each trial are shown in Supplementary information table S3 ). In addition to the plants 322 inoculated with R. irregularis, there were two control treatments; no inoculation and inoculation with the 
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Statistical analyses: Data was analysed using the R statistical software (R Core Team, 2018; version 338 3.5.1) and JMP® 13.2.0 (SAS institute Inc.). To test for significant differences among treatments 339 analysis of variance (ANOVA) was performed, using a post-hoc Tukey honest significant difference 340 (HSD) test. Where the data could not be assumed to be normally distributed we used the Wilcoxon 341 signed-rank test.
The data supporting the findings of this study are available from the corresponding author upon reasonable request. 812-818 (2010) . comparative data. Evol. Ecol. Res. 1, 895-909 (1999) . 
